• Re cent examination of isotonically contracting cardiac muscle 1 " 3 has demonstrated that the mechanics of inyocardial contraction can be classified in terms of the force-velocity relation derived by Hill 4 ' 5 in skeletal muscle.
The present experiments were designed to study the development of isometric tension in cardiac muscle and its time relationships. An attempt was made to determine whether a correlation with force-velocity relations can be gained from analysis of the isometric contraction. These studies indicate that there is a fundamental difference between the way in which nryocardial isometric force is developed by the Prank-Starling mechanism 0 "" and the force developmentproduced by changing contractility. 10 A method of analysis of the timetension relations of the isometric contraction is presented which enables separation of the two mechanisms, and which allows quantification of the state of myocardial contractility.
Methods Study of isometric aspects of myoeardial contraction in the intact heai't is complicated by the presence of ejection, during which shortening occurs. The heart fails, by virtue of this isotonic shortening to achieve the total isometric tension of which it is capable. Previous studies of isometric contraction in the heart, although yielding important information, are subject to criticism because of distortion of the geometry of the ventricular fibers, 11 inability to achieve a steady state end diastolic pressure-volume relationship, 12 ' 13 and lack of sympathetic innervation.
11 " 1 4 In the present study, a canine preparation under pentobarbital anesthesia (30 mg/kg) was employed in which the heart, in situ, was isolated from the circulation by means of eardiopulmonary by-pass ( fig. 1 ). Blood from the superior vena cava was diverted into a rotating disc oxygenator, and then pumped at constant flow retrograde into the descending aorta just below the origin of the left subclavian artery. In this way, perfusion of oxygenated blood to the eoronaries, brain, cervical and upper thoracic spinal cord was maintained. Dissection of the aorta was carried high enough to prevent flow through the bronchial arterial vessels. The azygos vein, and the inferior vena cava were ligated. A depulsing chamber was employed and arterial flow was maintained at a level which insured that pressure at the aortic valve was higher than that generated within the left ventricular chamber. Aortic pressure was held constant during any given experimental procedure. The main pulmonary artery was ligated immediately distal to the pulmonary valve and the lungs were deflated. The right ventricle ejected the entire coronary venous outflow through a rotometer into a reservoir leading to the oxygenator. Heparinized blood collected from donor animals on the morning of the experiment was used in the extra corporeal circuit. Body temperature was maintained by means of a heat exchanger.
When the heart had been thus prepared, an airfree, fluid-filled balloon attached to a rigid metal cannula was inserted into the cavity of the left ventricle through the apical dimple. 15 The left atrium was drained of Thebesian blood by a large bore metal eannula which was brought out to a dependent level. A small polyethylene eannula was placed directly into the left ventricular cavity next to the rigid apical balloon cannula to drain left ventricular Thebesian flow. The unstretched capacity of the balloon was larger than the volume to be injected so that pressure effects due to its distension were negligible. Known volume increments were made into this balloon from a syringe. Observations were not made unless the ventricle maintained a steady state pressure-volume relationship at the volume level studied. 10 The rigid intraventricular cannula was connected directly to two pressure transducers. The gain of one recording system was adjusted so that full scale deflection of the galvanometer was from 0 to 200 mm Hg, so as to measure total systolic isometric pressure; and the gain of the second recording system was adjusted so that full scale deflection of the galvanometers was from 0 to 50 cm H 2 O so as to measure left ventricular end diastolie pressure (LVED) with satisfactory resolution. Aortic pressure was also measured. Sanbom differential manometers and a direct writing multichannel oscillograph were used. A paper speed of 100 mm per second was used for high resolution tracings. The tip of the intraventrieular cannula was used as the zero reference point for all intracardiae pressures.
The heart was paced at constant rate by bipolar electrodes attached to the left atrium. Direct stimulation of the left cardiac sympathetic efferent nerves was accomplished by stimulation of the left stellate ganglion to which all rami had been previously sectioned. Bipolar stimulation of the ganglion was accomplished by means of a Model S 4 Grass impulse generator. Stimulation strengths of from three to seven volts at frequencies ranging from three to seven per second with a duration of 1.5 msec were used. The right stellate ganglion was left intact. Both vagi were sectioned to eliminate aortic and ventricular baroreceptors; aortic pressure was maintained constant in order to eliminate changes in activity of the carotid baroreceptors.
Data were obtained from fourteen animals prepared in the manner described above. In some experiments calcium chloride (1.0 g) or acetyl strophanthidin* (0.5 mg) was infused into the aortic perfusion line.
Studies of isometric contraction were also carried out on 35 isolated cat papillary muscles, using previously described techniques. 3 Each isometric ventricular contraction and each isometric papillary muscle contraction studied was assessed by making five measurements ( fig. 2) . First, the resting tension (or left ventricular end diastolic pressure) was determined. Second, the peak developed isometric tension (or peak pressure -LVED) was measured. Third, the duration of the rising phase of isometric contraction (from onset to peak tension) was measured. Fourth, the area beneath this rising phase of isometric contraction was obtained by planimetric integration; this permitted calculation of the integrated systolic isometric tension (IIT) for each beat. Fifth, the maximum rate of development of isometric tension (dp/dt) was determined for each beat by measuring the tangent to the tension (or pressure) rise. For notation purposes, the terms integrated tension (IIT) and rate of development of tension (dp/dt) have been used throughout when referring to both papillary muscle as well as isovolumetrie ventricle even though intraventricular pressure only was measured in the latter. This simplification appears justified since at each volume level the sum of the radii are constant during contraction so that pressure varies as a function of the integrated wall tension alone (T = fcP). The terminology of Hill, 4 dp/dt, for the rate of development of isometric tension has been employed throughout because of its wide acceptance in the literature. The rate of development of the isometric tension / dp/dt\ per unit of integrated isometric tension I I was calculated for each beat. The dimension of this ratio is in sec" 2 and its significance will be discussed. However, when the ratio is used merely as an index of the state of inyoeardial contractile activity, no units will be expressed. Since in the intact heart the constant k relating pressure to tension under isometric conditions appears in both numerator (k dp/dt) as well as the denominator (fc IIT), it can be neglected when determining the ratio. Similar considerations would apply to cross sectional factors.
Results

LENGTH-TENSION AND PRESSURE-VOLUME RELATIONSHIPS
Pressure-volume curves were obtained in all fourteen of the isometric ventricle preparations, and more than fifty length-tension curves were obtained in twenty-six papillary muscles. An example of a length-tension curve from the papillary muscle is shown in figure 3A . With increases in resting length and tension, an initial increase in both total tension as well as developed tension was observed. The resting tension remained low with extension of initial length until an ex- 2) demonstrate that, at a constant stimulation rate, increments in length alone produced no alteration in the duration of the rising phase of isometric contraction (from onset to peak tension). Volume changes in the isometric ventricle, like length changes in the isometric papillary muscle, produced no alteration in the time to peak pressure.
As with increases in initial length in the papillary muscle ( fig. 4A ), increases in initial volume in the isometric ventricle produced increases in LVED and developed pressure ( fig. 4B ). However, a plateau could be reached at which further increments in volume, although elevating both LVED and total pres-
Length-tension diagram from isometric papillary muscle. Initial length 14 mm, T 23° C, cross section 0.7 mm, rate 30/min. A. Tension vs length; B. vs length; C. dp/dt vs IIT. In C', points 2 through 11 represent values from the ascending limb of the length-tension curve shown in A; points 12 through 19 represent values from the descending limb of the length-tension curve.
sure, produced little change in developed pressure. The increment in total pressure was due solely to the elevation in LVED. In other experiments it was possible to show a descending limb on the developed pressure-volume relation. At a given frequency of stimulation, both the maximum integrated systolic isometric tension (IIT) for papillary muscle and isovolumetric heart, as "well as the maximum rate of development of this tension (dp/dt), increased with increases in end diastolic volume and fiber length (resting tension) ( fig.  4A and B). The plateau and then decline of developed tension (papillary muscle), or pressure (isometric ventricle), associated with excessive extension was associated with a plateau and then decline of both IIT and d p / dp/dt dt. However, the ratio • ioi' remained constant over the entire range of fiber length studied (figs. 3B, 4A and B). Details of the constancy of this ratio over the entire range of extension are demonstrated b3' figure 3C in which dp/dt on the ordinate is plotted against IIT on the abscissa. The points on both ascending as well as descending limbs of the length tension relationship fall upon the same line which extrapolates through zero. The slope of this line reflects the duration of contraction. A single point therefore characterizes the entire length tension relationship.
EFFECT OF NOREPINEPHRINE
The action of norepinephrine was studied in twenty-three papillary muscle preparations. Addition of norepinephrine (0.05 f ig/ml), to the isometric papillary muscle, stimulated at constant frequency, caused an increase in developed tension, IIT and dp/dt ( fig. 5A ) and produced a reduction in the duration of the time to peak isometric contraction. The ratio ®' , increased to a new constant which was independent of fiber length.
At a constant heart rate, stimulation of the cardiac sympathetic nerves at a constant stim- ulus intensity (which causes a quantitative release of catecholamines by the heart 17 produced an increase in developed pressure, IIT, and dp/dt from any given diastolie volume ( fig. 5B ). The duration of the time to peak isometric contraction was diminished. This pattern of response was noted in all of the nine animals in which the effects of sympathetic stimulation were studied. Unlike increases in initial length, in which both parameters increased in a parallel fashion, with sympathetic nerve stimulation, dp/dt increased to a much greater extent than I IT so that rose. As long as the sympathetic stimulus was maintained at the same intensit}', the elevation in j . . : remained at a new constant value which was independent of changes in fiber length. When sympathetic Circulation Research, Volume XII, Ju 1903 stimulation was discontinued, there was a decay in time of developed tension, IIT, and dp/dt to the control values at that volume dp/dt increment (fiber length). The ratio-IIT also decayed with time, returning to the prestimulation values, as did the time to peak pressure.
EFFECT OF INCREASING RATE
The effect of increasing pace rate, at constant initial fiber length, was studied in twenty-two papillary muscle preparations. Increments in rate from 30 to 90 per minute were associated with substantial increments in d p / dt ( fig. 6A ). Somewhat smaller increments in developed tension and IIT were observed. The duration of contraction was progressively abbreviated as frequency was increased. Between 90 and 120, dp/dt continued to rise while IIT tended to plateau at a maximum value. Although this progressive rise in d p / dt was generally found, the rate at which IIT levelled off varied between preparations and under differing chemical backgrounds. Rate increments above 120 per minute, in this preparation, produced no change or even a fall in developed tension and IIT. The maximum rate of development of tension (dp/dt) continued to increase until it too reached a maximum level. Regardless of the rate increment, the relative increase in dp/dt was always greater than that of IIT so that the ratio dp/dt , , . . . *:'-snowed an increase with increasing rate. The increase in dp/dt at constant fiber length, produced by increasing rate was not prevented by dichloroisoproterenol indicating that rate effects are not the consequence of released cateeholamines.
Although it was not possible to examine the effect of low rates in the isovolumetric heart, the effects of alterations over a limited rate range were studied in all fourteen isovolumetric ventricle preparations, and a detailed study of the interaction of alterations in rate and sympathetic stimulation was carried out in three animals. Figure 6B provides an example of the effect of heart rate increments. There was a small increase in developed pressure with increasing rate. The duration of the rising phase of isometric contractions progressively shortened, but IIT
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Research, Volume XII, June 1S6S at first remained constant and then declined due to inadequate ventricular relaxation. 16 The dp/dt, nevertheless, rose with increasing rate (or at least remained proportionately
PAPILLARY MUSCLE
greater than IIT) so that also creased with increasing rate. These observations suggest that contractile element activity is increased by increasing the rate of myocardial activation.
That this increase in contractility is independent of the adequacy of relaxation is shown in figure 7A in which a rate of 150 was increased to a rate of 187 at progressively larger ventricular volumes. The increased frequency of stimulation was poorly tolerated by the heart in question, in that the period of relaxation was encroached upon, and change jin the end diastolic pressure-volume relation occurred. A diminished developed pressure was achieved by the inadequately relaxed ventricle. The rate of development of this tension (dp/dt), however, lagged only slightly .behind that for the slower, larger, and more relaxed beat at the same fiber length. In spite of the fact that the developed pressure was much greater at the slower heart rate, -yy=-was nevertheless higher at the higher heart rate, suggesting that the increase in contractile activity induced by increasing heart rate is independent of the adequacy of relaxation.
That there is a diminished developed tension when the relaxation period is encroached upon by increasing heart rate, even though the ratio -|y=-is also increased, has its parallel in pulsus alternans where in alternate beats relaxation is encroached upon at the same rate.
18 Figure 7B demonstrates a pressure-volume curve at constant heart rate during mechanical alternans. At each volume level the more adequately relaxed beat, as evidenced by a lower LVED, creates a higher developed pressure, has a more rapid dp/dt, and achieves a larger IIT than the alternating one. Nevertheless, the ratio iY , is the
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FIGURE 6
Effect of increasing rate on myocardial time-tension relations. A. Papillary muscle, initial length 12 mm, cross section 1.1 mm, T 24°C. B. Isometric ventricle.
same for both normal and alternating beats, suggesting that contractile activity is not altered by fluctuations in relaxation.
The increase in -=j=-effected by heart rate was small compared to that produced by sympathetic stimulation at the same heart rates. In the experiment shown in figure 8 , after the demonstration of the initial dp/dt IIT increase with increasing heart rate; cardiac sympathetic stimulation, at constant intensity, was carried out at each of three higher heart rates. There was an increase in IIT, dp/dt, and the ratio A^l with increasing heart rates. There was a further increase in IIT, dp/dt, and the ratio ^ , at each rate level, with sympathetic stimulation. The effects of increasing rate and of cardiac sympathetic stimulation were additive.
I ISOMETRIC VEWTR1CLE ISOMETRIC VENTRCLE (PULSUS ALTERNANS)
.so. RATE 150
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Effect of ventricular relaxation on myocardial time-tension relations. A. Increasing heart rate. B. Mechanical alternans at the same heart rate.
EFFECTS OF CALCIUM
The effect of Ca ++ ions was studied in twelve papillary muscles. At a constant frequency of stimulation, an increase in the Ca ++ ion concentration in the papillary muscle bath produced an increase in developed tension from any given fiber length ( fig. 9 ) with a small degree of shortening in the duration of the time to peak isometric contraction. Both IIT and dp/dt increased as did the dp/dt ratio I I T In all fourteen of the isovohnnetric hearts studied, infusion of Ca ++ into the arterial perfusion line similarly induced an increase in developed pressure, IIT, dp/dt, and the dp/dt IIT ratio Although a concentration of Ca ++ in the coronary perfusate could be achieved which resulted in partial contraeture ; at constant volume, substantial increases in contractile force were regularly produced without alteration in the end diastolic pressure. Examination of the length-tension relationships over a wider range in papillary muscle also revealed no extensibility changes with calcium when the changes were within twice physiologic values ( fig. 9 ).
COMPARISON OF NOREPINEPHRINE AND CALCIUM
When dp/dt was plotted against IIT, all of the points for a single length-tension reladp/dt tion fell on a line whose slope,-I I T HEART RATE POST STELLATE (sec) 
Effects of heart rale and sympathetic stimulation on myocardial time-tension relations. Stellate ganglion stimulation five volts at a frequency of jive per second. Closed points with line-return points following complete decay from -ffm~ I reached during sympathetic stimulation (right hand panel) replolled on left hand panel. Ventricular volume held constant throughout.
tility change had occurred, and the value of the ratio, ! j , allowed quantification of this change. The relative alteration in dp/dt and IIT, at a given fiber length, provided qualitative information as to how this contractility change had been achieved. By comparing each agent, at a given dosage level, to the control, the relative potency could be evaluated. Comparison of the effect of norepinephrine with that of calcium in papillary muscle is shown in figure 10A . A concentration of 0.05 /Ag/ml of norepinephrine in the bathing fluid resulted in four times the indp/dt crease over the control value in-IIT pared with the -,-/ increase after raising free calcium ion concentration to twice physiologic levels. At a given fiber length, both agents effected increases in dp/dt and IIT compared to control. However, norepinephrine produced a higher rate of isometric tension development than did increasing calcium ion concentration, but the latter drug brought about a greater integrated tension than did norepinephrine. Similarly in the isovolumetric heart ( fig. 10B ), sympathetic stimulation, at a frequency of five impulses per second and an intensity of five volts, resulted in twice l t .
. dp/dt , , the increase m -===-over control, compared with the response to 1.0 g of calcium chloride injected intravenously. The qualitative effects of the two agents at a constant volume were the same as in papillary muscle at constant fiber length.
EFFECTS OF ACETYL STROPHANTHIDIN
Acetyl strophanthidin produced effects qualitatively similar to those produced by calcium. The administration of acetyl strophanthidin was studied in five animals. In the isovolumetric ventricle, at constant rate, the administration of this glycoside was associated with an increase in developed pressure, dp/dt, and IIT. The increase in IIT from a given fiber length was similar to that brought about by calcium. The increment in dp/dt was small, 
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FIGURE 9
Effect of calcium on myocardial time-tension relations. Isometric papillary muscle, initial length 10 mm, cross section 0.9 mm, T 23°C.
although always proportionately greater than that in 1IT and an increase in z/. occurred.
Relative to a standard intensity of sympathetic stimulation (five per second at five volts), the increase in the ratio with a digitalizing dose was small. As with calcium, there was a small reduction in the duration of the time to peak isometric contraction, compared with the effect of stellate stimulation. The increase in contractile force also took place without significant change in end diastolic pressure at constant volume, although large doses did produce partial contracture of the ventricular muscle.
Discussion
The classic analysis of Gasser and Hill 10 and Hill, 4 indicates that contracting muscle may be considered in terms of an active contractile component in series with a passive elastic component. When the external length of the muscle is fixed, the muscle contracts isometrically. In this state, shortening of the active contractile component stretches the series elastic component. As the series elastic component is stretched, force is built up and is in turn delivered to the external fixations of the muscle. The rate of force development (dp/dt) then depends on the shortening properties of the contractile element and the stiffness of the series elastic component. The shortening properties of the contractile element are described by the force-velocity relation which relates the velocity of isotonic shortening of the muscle to the load it carries. 4 In isolated heart muscle the series elastic component has been shown to be unaffected by agents which alter contractility; 1 * 20 therefore, factors which alter contraction appear to operate primarily by affecting the contractile component. Contractile element alterations will in turn be manifest by a change in the force-velocity relation and will be evident in the isometric contraction by a change in dp/dt. Other studies 11 " 14 '
21
" 27 have shown that not only contractility changes, but also increases in myocardial fiber length result in increases in dp/dt and isometric tension.
Studies on force-velocity relationships in isotonie cardiac muscle have demonstrated that increasing muscle length increases maximum isometric force (Po) without a change in the maximum velocity of shortening (Vmax), the intrinsic velocity of the muscle. 
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FIGURE 10
Comparison of the effects of calcium and norepinephrine on myocardial time-tension relations. Ordinate: Maximum rate of development of isometric tension (dp/dt). Applied to the isometric contraction, the i i-• dp/dt , , observations concerning ' -, and the associated but reciprocal changes in time to peak tension, are consonant with force-velocity data, 3 in that increments in fiber length, which increase Po without altering Vmax, also do dp/dt not alter the ratio IIT -. Increasing the frequency of stimulation which increases Vmax with only small, or at the higher frequencies no change in Po, 1 ' s also increases the ratio -,-, by increasing dp/dt with little change in IIT. Inotropic drugs which increase _ , "" . dp/dt . Vmax, portional to the change in Vmax. These data suggest that the net effect of examining the dp/dt ratio I I T is to eliminate the effect of changes in Po produced by fiber length alone, so that this index is altered only by changes in Vmax relative to Po. This farther suggests that although inotropic factors may increase Po, the necessary condition for a positive inotropic effect is an increase in Vmax, and that this increase in Vmax, which has been theorized to represent the rate limiting step in the mechanochemical transformation of muscular contraction, 28 provides the basis for increased contractility. The alteration in the velocity dependent aspects of the force-velocity relation, which is reflected in the isometric contraction, is the fundamental difference between the Frank-Starling mechanism 8 ' 9 and contractility changes 10 in cardiac muscle. Since at any one contractility, the time to peak isometric tension remains constant, it is obvious that the theoretical value of the index -|^=-depends only on the value for the time to peak tension, t 0 (i.e. dp/dt = Po/t o : IIT = y 2 P o t 0 ; ^^-= 2/t 0 2 ). However, the ascending limb of the isometric curve is not linear; therefore, all of the values for dp/dt and IIT have been empirically obtained by individual measurement of each contraction studied. Although the specific dp/dt IIT or 2/t 0 2 characterizes a given state of
Abscissa: Integrated systolic isometric tension (IIT). A. Papillary muscle, initial length 9 mm, cross section 0.9 mm, T 23°G. From left to right, each group of three points (control,
contractility, in order to analyze how a given inotropic agent alters myocardial contractility it is necessary to quantify changes in IIT as well as dp/dt. The IIT is a measure of the total impulsive force exerted by the muscle. As has been noted by Worthington, 29 in skeletal muscle, an analysis of muscular contraction in terms of impulsive force, allows a conceptual model which enables application of Hill's equation4 to a physio-chemical system consistent with the observed molecular structure of actin and myosin. 30 In this model, 29 charge transfer occurs serially along a fixed number of sets of active sites per sarcomere generating a given amount of force per site. Bach charge transfer occurs in a finite time interval which represents the time for one 25 A site shift and is therefore the molecular Vmax. In this analysis, cross sectional area can be neglected since it appears on both sides of the basic equation describing impulsive force. 29 Applying Worthington ! s model to cardiac muscle, the t o noted above (which as dp/dt IIT in dimensions of sec" 2 ) is a function of the time interval during which the total impulsive force is generated by the contracting myocardium. In theory, to may be considered to represent the sum of the times of the series of impulsive forces occurring at the molecular level and is a function of the velocity dependent constant (b) of Hill's equation. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The use of impulsive force (HT) rather than either of its components (the developed tension or the duration of the time to peak isometric contraction) also provides an indication of the total mechanical energy available in each contraction. The importance of this kind of information is seen in examining the effect of increasing heart rate where, over a wide range in the isovolumetric ventricle, the total impulsive force (IIT) remains little changed although the maximum rate at which this impulsive force is delivered (dp/dt) increases with increasing frequency of stimulation. This observation suggests that over some range, the total mechanical energy per beat is not increased by increasing heart rate even though peak tension tends to rise. In other words a velocity treppe rather than a force treppe has occurred. This is consonant with the findings in isolated muscle that over a broad portion of its range, increasing frequency increases the maximum velocity of shortening (Vmax) with little or no change in isometric force (Po).
1 ' 3 In the study of inotropic drugs, it is possible to ascertain whether the total mechanical energy available per beat as well as the maximum rate of delivery of this mechanical energy is increased. Analysis of a specific pharmacologic agent is then possible by the determination of the rate at which it causes the myocardium to impart a given impulsive force.
Although myocardial work and power are significantly influenced by relaxation phenomena, the state of contractile element activity dp/dt IIT -, previously shown above to be independent of fiber length, also appears not to be dependent upon the completeness of relaxation. Incomplete dissipation of contractile element activity prior to the initiation of a new beat at the same rate (mechanical alternans) reduces the IIT and dp/dt obtainable from a given fiber length, without changing the relationship between them. This is understandable if the contractile element is qualitatively unchanged, but by virtue of being partially contracted when reactivated cannot contract as much and consequently has less force to exert. Similarly, as increasing rates progressively reactivate earlier in the activation deca3r period they will produce less developed tension although *Y may increase.
These observations confirm the view which has attributed pulsus alternans to inadequate ventricular relaxation prior to the weak beat, rather than a beat-to-beat alteration in contractility. 18 Norepinephrine increasesdp/dt IIT and also increases the period for ventricular relaxation by decreasing the duration of contraction 10 ' 21 and abolishes pulsus alternans.
18
Calcium and acetyl strophanthidin increase the period of ventricular relaxation, at therapeutic levels, less than norepinephrine and frequently do not abolish pulsus alternans even though they increase the ratio ' . The ratio is also increased even when the dosage of these agents is sufficient to produce partial contractiire. These observations suggest that the activation and relaxation of the contractile element may be independent phenomena. The data presented above suggest that a quantitative evaluation of myocardial contractility can be obtained from a study of the isometric aspects of myocardial contraction. This evaluation is independent of fiber length changes and relaxation phenomena, and characterizes the heart as a muscle independent of its function as a pump.
Summary
The mechanics of isometric contraction in the heart were studied in both isolated papillary muscle and in an innervated, isovolumetric heart in situ. The maximum rate of development of isometric tension (dp/dt) and the integrated isometric tension (IIT), were studied on a beat-to-beat basis. The results indicate: 1) At a given heart rate, both the IIT as well as dp/dt vary direction ally as changes in end diastolic volume and fiber length. During isometric contraction, the ratio is independent of changes in fiber length, and remains a constant for any given state of contractility. 2) At a constant heart rate, and at constant volume, cardiac sympathetic nerve stimulation markedly indp/dt creases dp/dt and IIT. The ratio j j -is elevated to a new constant which is also independent of fiber length. 3) Increasing heart rate increases the ratio ^ . This increase is, however, small compared to the increase in this ratio produced by sympathetic stimulation at the same rate. 4) The effects of heart rate and sympathetic stimulation are additive. 5) Differences have been noted between the manner in which norepinephrine, calcium, and acetyl strophanthidin alter the mechanics of the isovolumetric ventricle. This evaluation of the myocardial contraction is also uninfluenced by the adequacy of ventricular relaxation. 6) Comparison of the isovolumetric ventricle with isolated papillary muscle yielded directly analogous results, indicating that the properties observed were intrinsic to cardiac muscle and are not dependent upon structural arrangements in the intact heart.
It is suggested that this ratio ^ is a quantitative measure of the contractility of the myocardium.
